Abstracts: This paper presents an efficient and reliable new teaching based optimization algorithm for solving scheduling of hydro-thermal systems with cascaded reservoirs. Unlike the Teaching Learning Based Optimization, the Double Teaching Optimization (DTO) algorithm has two teaching phases i.e. the first teaching phase is identical with conventional TLBO algorithm preserving the inherent basics of it. The second teaching phase is the modified part considering students once again interact with the same teacher, who is the better than average students called double teaching phase. The feasibility of the proposed method is demonstrated in five different cases of two standard test systems consisting of four cascaded hydro and thermal units. The findings of the proposed method are better than the results of other established methods reported in literature in terms of quality of solution and convergence characteristics.
Introduction
Over the last few decades, we experience energy crisis and ill effects of pollution to save nation, so it is very important to utilize energy in an efficient manner. In order to utilize energy efficiently, cost must be as less as possible and this possesses a requirement to develop scheduling methods that accommodate generation diversity and line flow limitations and concurrently can produce accurate scheduling results. Again the power generation is much lesser as compared to power demand in our country, so the main aim of power system operation is to generate and transmit power to meet the system load demand and losses at minimum fuel cost and minimum environmental pollution. Hence, a mixed of hydrothermal scheduling is necessary. The short range hydrothermal problem has usually as an optimization interval of one day or week. This period is normally subdivided into subintervals for scheduling purposes. Here the load demand, water inflow and discharge of water are known. A set of starting condition that means the reservoirs storage level is being given. The optimal power schedule can be prepared that can minimize the desired objective while meeting the system constraints successfully. In order to solve the scheduling problem of short term hydrothermal systems, the head of water level is assumed to be constant. The objective of short term hydrothermal scheduling of power system is to determine the optimal hydro and thermal generations in order to meet the load demands over a scheduling horizon of time while generation in such a way that minimizes the generation cost without violating any constraints imposed on hydro and thermal plants.
A. Objective function
As the fuel cost of hydropower plants are insignificant in comparison with that of thermal power plants, so the main objective of the HTS is to minimize the fuel cost of thermal units while making use of availability of hydro resource as much as possible. The objective function of HTS problem for thermal units having quadratic cost function is given by 
Where nt is the number of thermal generating units and NH is the number of time intervals.
The fuel cost function of each thermal generating unit considering the valve point effects is expressed as the sum of quadratic and sinusoidal function. Thus the fuel cost function with valve point effects can be expressed as 
B. Equality Constraints (i) power balance constraints
The total active power generation must balance the predicted power demand and the transmission loss at each time interval over the scheduling horizon and it may be mathematically expressed as Where the hydro electric generation is a function of water discharge rate and storage volume, which can be expressed as follows:
(ii) Initial and final reservoir storage constraints: Initial and final reservoir volumes are generally set by the midterm scheduling process. This equality constraint implies that the total quantity of available water is fully utilized. This equality constraint is mathematically expressed as follows:
(iii) Reservoir flow balance: In this constraint, water transportation delay between reservoirs is considered. The flow balance equation relates the water storage volume during previous interval with the current storage, net inflow, discharge and spillage. This may mathematically be expressed as follows: 
(ii) Reservoir water storage constraints: The water storage capacity of each hydro power plant reservoir at each hour must be within its minimum and maximum limits as given below: (iii) Water discharge constraints: The water discharge limit of each hydro power plant reservoir at each hour must be within its minimum and maximum limits as given below:
Double Teaching Optimization (DTO) Algorithm
This algorithm mainly emphasizes the importance of teacher on the students to increase the mean results of whole class room. Learning phase of TLBO algorithm allows the studentstudent interaction through group discussion, mutual interaction etc which does not show much improvement in cost rather it unnecessary increases the computational time. In DTO algorithm the learning phase is being neglected and modified. The students once again are allowed to interact with teacher only as the teacher is considered as best among all students, most respected and knowledgeable person in the society and they always motivate the students to attain their goal and this is accomplished by increasing the number of interactions. There are two teaching phases in the proposed algorithm. So, the teacher-student interaction is better than the student-student interaction as the teacher is a scholar better than the average students and ensuring the transformation of quality education in second phase of teaching in a class room i.e. learner phase is neglected. This Double Teaching Optimization (DTO) is also called as double teaching phases based method. The DTO algorithm has certain control parameters i.e. mutation rate, population size and maximum iteration number.
A. First teaching phase:
Here, the students improve their knowledge with the help of teacher and the teacher tries his best to enhance the average results of class room. The teacher always improves the average [20, 23] given below.
where f t is the teaching factor which is evaluated randomly by the following equation:
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the overall grade point of the teacher as best among all students. The best solution in each iteration is updated and considered as teacher. So, in second teaching phase the average grade point of all students is better than the average grade point of learners phase as the teacher updates his knowledge if he finds some talented students during interaction and shares his knowledge among the other students inside the class. 
Where, 
As the teacher is equated the best student inside the class and the teacher's knowledge is always better than the average performance of students, the student-student interaction is replaced by teacher student interactions same as teaching phase. Therefore, the learning phase is replaced by the teaching phase once again to retain the better performance of each student student. The inherent randomness called mutation-rate incorporated in the second phase as teaching phase of algorithm makes it better than the conventional TLBO algorithm. The DTO algorithm is having excellent exploration and exploitation abilities to provide optimal solution.
. DTO Algorithm
The DTO algorithm may briefly be described with the following steps:
Step 1: Generate a random population (Pop) according to the number of students in the class and number of subjects offered. It may mathematically be expressed as 
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Step 2: Evaluate the average grade of each subject offered in the class. The mean grade of the th j subject is given by
Step 3: Based on the overall grade point (objective value) sort the students (population) from best to worst. The best solution is considered as teacher and is given by :
Step 4: Improve the grade point of each subject (control variables) of each of the individual student using equation (13).
Step 5: In second teaching phase, each student can improve the grade point of each subject through the mutual interaction with teacher. The best solution is considered as teacher in each iteration. Improvement of grade point of each subject of every student may be depicted as follows:
end end end
In the hydrothermal scheduling the equality constraints correspond to the initial and final reservoir storage volumes as well as the load balance constraints are not satisfied most of the optimization algorithms. Therefore, modifications are incorporated in the beginning of the initialization in order to generate an initial feasible solution for the hydrothermal problem.
Implementation of DTO For Short Term Hydro Thermal Scheduling
Step 1: All the dependent variables of the HTS problem like water discharge rate of all plants for all the time intervals are randomly selected between their operating limits. To satisfy the initial and final reservoir storage constraints, the water discharge rate of all the hydro plant in the dependent interval is evaluated using
The above step is repeated until the element representing the dependent variable satisfies the constraints.
Step 2: The water discharge is evaluated using equation (20) , then, the volume of each reservoir is computed using equation (6) . After this, the generation schedule of all hydro plants over 24 intervals is calculated using equation (4).
Step 3: The thermal power is calculated using the equality constraint as given in equation (7). To satisfy the load balance constraints including transmission losses, a dependent element
is randomly selected and the dependent thermal generation is evaluated by solving the following equation as
The above step is repeated until the element representing the dependent thermal generation does not violate the constraints. Where, Pg= [PT PH].
Step 4: Compute the objective function using equation (1).
Step 5: Calculate the mean grade of all the subjects offered to the students of the class.
Step 6: Identify the best solution (Teacher).
Step 7: Modify all the independent variables (discharge rate of all hydro units at all time interval) based on the teacher knowledge using equation (14) and (15).
Step 8: The water discharge, volume of reservoir and power generation is checked for minimum and maximum limits. If discharge, volume of reservoir and power generations are less than the minimum level it is made equal to minimum value and if the discharge of water, volume of reservoir and power generation is greater than the maximum level it is made equal to maximum level.
Step 9: Go to step 2 until the current iteration reaches the predefined maximum iteration number.
Simulation Results.
To solve HTS problem the program is written in MATLAB code and is tested on 2.0 GHz core duo processor with 1 GB RAM. Here, 50 independent runs and the best results are presented in the simulation results. The control parameter of DTO algorithm: population size (NP), mutation rate and the maximum iteration number (Itermax) are set to the values 30, 0.05, 500 respectively. These values are obtained after testing and evaluating different parameter combination. To check the effectiveness, the proposed algorithm is implemented on two hydro thermal systems. The system-I consists of four hydro units and a number of thermal units represented by an equivalent thermal plant. The system-II consists of four cascaded thermal units and three thermal units. The scheduling period of 24 hour, with one hour time interval is considered for simulation study. The hydraulic sub-system is characterized by the following: a) A multichain cascade flow network , with all of the plants in one stream; b) River transport delay between successive reservoirs; c) Variable head hydro plants; d) Variable natural inflow rates into each reservoir; e) Prohibited operating regions of water discharge rates; f) Variable load demand over scheduling period.
A. Test System-I:
The data of the test system-I considered here are the same as in [8] and the additional data with valve point loading effect and with prohibited discharge zones (PDZ) of turbines are also same as in Ref [11] . The fuel cost function of the equivalent thermal unit with valve point loading (VPL) is The lower and upper operation limits of this unit are 500 and 2500 MW, respectively. The spillage rate for the hydraulic system-I is not taken into account (simplicity) and further, the electric loss from the hydro plant to the load is neglected. The lower and upper operation limits of hydraulic system are 0 and 500 MW, respectively.
The studied problem may be classified into three categories depending on the type of their fuel cost functions and constraints. There are three different cases of the test system-I by considering the quadratic cost without prohibited discharge zones as case-1; quadratic cost with prohibited discharge zones as case-2 and valve point loading with prohibited discharge zones are considered as case-3. The various control parameters like mutation rate, population size, maximum iteration number have been tested and finally the optimal setting of parameters are provided in Table 1 
A.1 Case 1 (HTS problems with quadratic cost functions):
In this case, the cost functions of the thermal units of the hydrothermal system are considered to be quadratic and there is no prohibited discharge zone of the reservoirs of the hydro plants. The valve point loading of thermal units are also neglected. The Figure 1 shows the cost variation of best hydro thermal schedule of the proposed DTO method when executed 50 times with different random initial solutions. The optimal hourly water discharge of hydro plants obtained by the proposed DTO algorithm is represented in Fig. 2 . The proposed DTO approach takes execution time of 351.9314 sec. to obtain the best hydro thermal scheduling. The best results obtained by the proposed algorithm are compared with the reported results by other methods, namely genetic algorithm (GA) [8] , classical evolutionary programming (CEP) [11] , fast evolutionary programming (FEP) [11] , improved fast evolutionary programming (IFEP) [11] , binary coded genetic algorithm (BCGA) [14] , real coded genetic algorithm (RCGA) [14] , modified differential evolution (MDE) [15] , improved PSO (IPSO) [16] , teaching learning based optimization (TLBO) [23] , improved differential evolution (IDE) [24] and Symbiotic organisms search (SOS) [26] and presented in Table 2 . It can be found that the DTO produces better execution time, minimum cost, average cost and worst cost than those obtained by the other existing techniques. The hourly power generations of hydro plants obtained by the proposed method in this case are shown in Figure 3 . 
A.2 Case 2. (HTS problem with quadratic cost functions and prohibited discharge zones):
Here, the prohibited operating zones of reservoirs of hydro plants have been considered to check the feasibility of the proposed approach. The optimal hourly water discharge of hydro units of system-I obtained by the proposed DTO algorithm are given in Fig. 5 . The fuel cost obtained by DTO method is compared to other methods and presented in Table 3 . It is found that the DTO method provides cheapest generation schedule in comparison to IPSO [16] and TLBO [23] methods and more than SOS [26] method. The cost convergence characteristic obtained by DTO method is shown in Figure 4 . 
A.3 Case 3.(HTS problem considering valve point effect and prohibited discharge zone):
In this case, the valve point loading of thermal units and prohibited operating zones of hydro units are taken in to consideration to verify the robustness of proposed approach. The optimal hourly water discharges of reservoirs obtained by the proposed DTO algorithm are furnished in Fig. 6 . The obtained fuel cost in this case is compared to that of IFEP [11] , DE [15] , IPSO [16] , TLBO [23] and IDE [24] methods and reported in Table 4 . From this Table 4, one can see the superiority of the proposed DTO method over other reported techniques. The cost convergence characteristic and the trajectories of hourly reservoirs volumes of hydro plants by DTO algorithm are shown in Figures 7 and 8 , respectively. 
B. Test system-II
The test system-II is the modified version of test system-I that comprises four hydro plants coupled hydraulically and three thermal plants. This system does not have the prohibited discharge zones. The data of the test system-II is adopted from reference [12] .
B.1 Case-1: Quadratic cost function with valve point loading effect and without transmission losses
The total fuel cost FC as a function of power output of the thermal plant [12] is represented as In this case study the number of decision variable is 168 (4 24 + 3 24) representing the discharges of four hydro reservoirs and generation of three thermal plants over the entire scheduling horizon. The optimal hourly discharges obtained by proposed DTO method, generated powers from hydro and thermal plants over the entire scheduling period are provided in Table 5 . The optimal cost obtained from the proposed DTO based approach have also been compared with that of EP [12] , DE [15] , MDE [15] , PSO [18] , CSA [19] , TLBO [23] and KHA [25] and details are given in Table 6 . From the result, it is quite evident that the proposed DTO based algorithm provides better solution for the cascaded hydro reservoirs with multiple thermal power plants.
B.2 Case 2 : Quadratic cost function with valve-point loading with transmission losses
The transmission losses also have been considered for the test system-II. The losses are computed using the loss coefficients and is given by
Where ij B , i B 0 , 00 B are the loss formula coefficients and are given in [15] . In this case study the number of decision variables is also 168 representing the discharge of four hydro reservoir and generations of three thermal plants over the entire scheduling period. The optimal hourly discharges, hourly generated powers from hydro and thermal plants and transmission losses over the entire scheduling period obtained by the proposed method are provided in Table  7 . The optimal cost obtained from the proposed DTO based approach have also been compared with that of MDE [15] and IDE [24] and details are furnished in Table 8 . From the Table 8 , it is clear that the dispatch result obtained by the proposed DTO satisfies all kinds of constraints of HTS problem while reducing the total fuel cost effectively and efficiently. 
Conclusion
This paper proposes a new evolutionary derivative free double teaching optimization (DTO) algorithm successfully implemented to solve convex hydrothermal problems. The results have been compared with those obtained by other heuristic optimization techniques such as differential evolution (DE), modified DE, Improved PSO (IPSO), TLBO, Improved DE (IDE) algorithm, Krill herd Algorithm (KHA) and Symbiotic Organisms Search (SOS) algorithms. It is found that the execution time and total production costs produced by the
